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If new physics is called upon to explain away fine tunings, like the hierarchy problem, then, we 
argue, the principle of Minimal Flavor Violation is inescapable. We review the principle and recent 
extensions to the lepton sector and to Grand-Unified theories. 



I. INTRODUCTION 

In the absence of new dynamics radiative corrections 
would render the mass scale of the electroweak theory 
comparable to the Planck scale. New physics at the 
TeV scale is generally invoked to explain this hierarchy 
problem. But quark mass terms break the electroweak 
symmetry, so the quark mass matrices are necessarily 
connected to this new physics. New higgs dynamics at 
the TeV scale leads inescapably to new flavor physics. 
This statement is straightforwardly verified in all avail- 
able examples. Perhaps the most popular, the MSSM, 
is the most obvious: the solution to the hierarchy prob- 
lem comes with a plethora of new fields carrying flavor, 
namely, the squarks. But other, less well known exam- 
ples, like the Lee- Wick Standard Model[l|, similarly con- 
tain an intricate flavor structure (in this case, an unstable 
resonance is associated with each known particle). 

To describe the effects of new TeV dynamics at below 
TeV energies in a model independent approach one sim- 
ply extends the Lagrangian of the standard model (SM) 
by operators of dimension higher than four, suppressed 
by powers of the new physics scale, A. Buchmuller and 
Wyler[3| and Leung, Love and Rao[3|, listed all opera- 
tors of dimension five and six and analyzed their effects. 
Ignoring operators mediating flavor changing neutral cur- 
rents (FCNC), A ^ a few TeV is consistent with experi- 
ment. But if the coefficient of FCNC operators is given 
by dimensional analysis, then A ^--^ a few TeV is strongly 
excluded. A much larger scale, A 10** TeV, is still con- 
sistent with experiment, but then a hierarchy problem 
reappears. 

So if we want to insist that the scale of new physics be 
a few TeV we need some principle that will make the co- 
efficient of the dangerous FCNC operators automatically 
(naturally) small. The principle of Minimal Flavor Viola- 
tion (MFV) does just that. We will describe MFV below, 
but we pause here to note the generality of these obser- 
vations: we have assumed that below a scale of about 
a TeV our model has the field content of the standard 
model, and have insisted in the absence of fine tunings 
(the very reason we need new physics at the TeV scale). 
Moreover, the principle can be readily generalized to the 
cases where below the scale of new physics the model has 
two higgs doublets, or no higgs at all (a strongly coupled 



higgs sector). It is this generality that I find so com- 
pelling. Not only seems MFV inescapable, it seems we 
have learned something deep and fundamental, namely, 
that the origin of flavor is to be found in some secluded 
sector that expresses itself only through a single channel. 



II. MFV 



In the absence of quark masses the SM lagrangian has 
a large exact flavor symmetry group, Gp — SU{3)^ x 
C/(l)^, arising from independent unitary rotations of the 
three flavors of quark doublets ql, and singlets and 
dfj. In the SM this symmetry is broken only by the 
Yukawa terms in the lagrangian that result in quark 
masses once the higgs gets a vev, 
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The basic premise of the MFV hypothesis is that there 
is a unique source of breaking of the Gp symmetry. We 
already have G p breaking in ([T]) , so any additional terms 
that break Gp must transform under Gi^ in exactly the 
same way as ([T}. This principle can be implemented in 
extensions of the standard model that incorporate new 
(yet undiscovered) fields that carry flavor quantum num- 
bers. But we will be interested in a model independent 
analysis and this is accomplished by adjoining to the SM 
all operators of dimension higher than four constructed 
of SM fields. Those operators that break Gp must trans- 
form just as the Yukawa terms. 

This all sounds very general and abstract. It is perhaps 
easier to understand this in a particular context, so let's 
consider an example. In the SM the flavor changing neu- 
tral current first appears at one loop and is dominated 
by the graph with a top quark. The low energy effective 
interaction hamiltonian for i^vv is 
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The factor in the square bracket includes the obvious 
electroweak coupling constants and a function X{x), with 
AT ~ 1 for a; > 1, that results from performing the 1- 
loop integral. The second factor, involving the product 



2 



of CKM elements, contains the flavor information and 
makes the coefficient C small. Recall, the Wolfenstein 
parametrization 
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which is an expansion in the small parameter A ~ 0.22, 
the sine of the Cabibbo angle. Note that V^lV^^ ^ A^M, 
that is, of fifth order in the small parameter. Hence the 
Branching fraction for this process is suppressed by ~ 
A^W 

Now consider the effects of new physics parametrized 
by dimension six operators suppressed by the new physics 
scale A, 
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Other dimension six operators can be added, but we con- 
sider one that is identical to the operator that results 
from integrating out the top-quark and ly-boson in the 
SM so we may compare coefficients directly. In the ab- 
sence of fine tuning the the coefficients are expected to 
be order unity, ^ 1 . 

Now imagine an experiment is performed that has sen- 
sitivity to a fractional deviation r form the SM expecta- 
tion. Then 
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tells us the scale A to which this experiment is sensitive. 
For example, r = 4%, roughly the would be sensitivity of 
the now canceled KOPIO experiment, translates into a 
reach of A '--^ 10^ GeV. Similarly, using measured FCNC 
processes, such as K^-K'^, B^-B^ or B^^-B^ mixing or 
K°*^ gives bounds on A or order 10^ GeV. 
The large suppression of the SM rate, of order A^X^, 
arises from a generalized GIM mechanism (suppressions 
from either small masses or small mixing angles). As we 
will see, MFV guarantees that the same CKM factor ap- 
pears also in the new physics operator. The A^X^ cancels 
out in the ratio, so the estimate in ([5]) is modified under 
the MFV hypothesis to 
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Now r — 4% gives A 10'^"'* GeV. A comprehensive, de- 
tailed analysis of bounds on A an be found in [sj . 

So the only thing left to understand in our example 
is how the MFV principle inserts automatically a factor 
of A^X^ into the coefficient of the new physics operator 
in Eq. It is straightforward to implement the MFV 
principle using the spurion method. The SM lagrangian 
is invariant under the following combined transformation 



of fields an couplings: 

qL VLqL 
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Xu ^ VlXuV^ 



Xd ^ VlXdV^ 
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This is a Gf transformation if the fields and it would 
be a symmetry of the theory if Xu — Xd = 0. So the 
transformation of the matrices Xjj and Ad characterize 
the breaking of Gf- To implement the MFV principle we 
simply need to insist that our modifications to the theory 
preserve the invariance under ([7]). 

Consider the operator in the effective hamiltonian of 
our example, Eq. The quark fields are components 
of the ql flavor triplet and as written the operator is not 
invariant under ([7]) . To fix this replace the quark bilinear 
SLlt^dL by 




-Xxd^ SLlt,dL (8) 



where in the last step we have indicated the AS" = 1 piece 
in the mass eigenstate basis. The dominant term in the 
sum is from x — t and gives Vf^V^^ml / « A^X^ . 



A. Simple extensions 

The analysis presented above is model independent 
only to a point: we assumed that below the scale of new 
physics. A, the spectrum is that of the SM with a sin- 
gle higgs doublet. The analysis has to be modified if 
this is not the case. An interesting example is that of 
the SM with two higgs doublets. MFV requires that the 
Yukawa couplings of the two higgs doublets to quarks be 
restricted since there can only be two truly independent, 
fundamental matrices that break Gf- In the generic case, 
FCNC appear from tree level exchange of neutral higgs 
particles. There are also new radiative contributions to 
FCNC from charge higgs exchange. Hence some cou- 
plings have to be restricted further. This is accomplished 
naturally by assuming approximate Peccei-Quinn (PQ) 
symmetry, and that the PQ symmetry violating terms 
are controlled by a new small parameter. 

Even then, the two higgs doublet model has more pa- 
rameters than the one higgs SM: the ratio of expectation 
values of the two higss doublets V2/V1 = tan (3 and the 
masses of three additional scalar particles (one charged 
and two neutral). Some of the interest in these mod- 
els is from possibly describing the hierarchy of the top 
and bottom masses by a hierarchy in expectations val- 
ues, tan/3 ^ 1. Since this requires larger Xd than in the 
single higgs SM, FCNC are enhanced. 

The analysis of the effects of higher dimension opera- 
tors of the two higgs model is then similar to that of the 
one higgs case, with two important distinctions, (i) Co- 
efficients of operators involving down type masses are en- 
hanced by corresponding powers of tan (3, and (ii) There 
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are additional contributions to FCNC mediated by the 
additional fields, e.g, charged higgs exchange. 



III. LEPTONS: MLFV 

We do not know why but MFV seems to be operative 
in the quark sector. Surely we need more work to estab- 
lish that this is accurately true. But in the mean time 
it is clearly interesting to ask if MFV is a more general 
principle. If so, we wonder, shouldn't it also apply to the 
lepton sector of the SM? Lepton flavor is violated, as evi- 
denced by neutrino oscillations. It is interesting to inves- 
tigate if Minimal Lepton Flavor Violation (MLFV) makes 
interesting predictions of flavor lepton changing neutral 
currents of charged lepton, e.g., fj, ej and fi — > eee. 
In particular, we may ask not just about the magnitude 
of these effects but more particularly whether there are 
particular patterns of flavor violation that may help us 
decide if indeed MLFV is the underlying structure. If 
this were the case it would strengthen the notion that 
MFV operates at a very basic level 

There are two cases to consider @. If the neutrinos 
acquire dirac masses the analysis of flavor changing neu- 
tral currents proceeds in exactly the same way as for 
the quark sector. In this case the tiny neutrino mass 
makes all charged lepton FCNC impossibly small to ob- 
serve, and for that reason we do not pursue this further. 
The situation is very different if the neutrinos acquire a 
major ana mass. A majorana mass is attractive in any 
case because it can explain the smallness of the neutrino 
masses through the "see-saw" mechanism. 

The analysis of MLFV for neutrinos with majorana 
mass does not require that we add right handed neutri- 
nos to generate masses: an operator of dimension 5 (see 
below, Eq. can produce the desired see-saw mass. 
Therefore we examine two cases: 

1. Minimal field content (MFC): the same leptonic 
field content as the SM: three left-handed and lep- 
ton doublets L\ and three right-handed charged 
lepton singlets In this case the lepton flavor sym- 
metry group is Glf = SU{3)l x SU{3)e ■ The lep- 
ton sector is also invariant under two U{1) symme- 
tries, which can be identified with the total lepton 
number, C/(1)ln, and the weak hypercharge. 

2. Extended field content (EEC): three right-handed 
neutrinos, v}^, in addition to the SM fields. In this 
case the field content of the lepton sector is very 
similar to that of the quark sector, with a maximal 
flavor group Glf x SU{3)^j^. 

This classification is very reasonable if the masses of 
right handed neutrinos, Mji, are smaller than the scale 
of new EW-physics, A. But really what we have in 
mind is the extreme opposite case, since we want roughly 
rriiy ^ v'^ /Mr ^ {K/AttY /Mr. By considering the two 



cases we can examine the difference that arise by assum- 
ing that the parameter that controls MLFV is the co- 
efficient of a dimension 5 operator (MFC) or a Yukawa 
interaction (EFC). However, due to space constraints I 
will describe here only the MFC and refer the reader to 
Ref. [H for a more detailed description of the EFC. 



A. Minimal Field Content 

We make three assumptions: (i)The breaking of the 
U{\)-\_M is independent from the breaking of the lepton 
flavor symmetry (Glf), (ii) The breaking of C/(1)ln is 
associated with a very high scale IS-ln, much greater than 
the scale of EW physics, Kln 3> A, and (iii)There are 
only two irreducible sources of lepton-flavor symmetry 
breaking. A*-' and g]// , defined by 

Weff = Ai^" el(i7ti^J + 1 g]i{LtT2H){H^T2Li) + h.c. 
^ «A:^" e-^^ei + g]] vt^i + h.c. (9) 

In the second line we have indicated the mass terms after 
shifting the higgs field by its expectation value. It dis- 
plays explicitly the see-saw mechanism. The scale JS-ln 
rather than A appears in the second terms because the 
operator breaks ?7(1)ln- 

The principle of MLFV with MFC can be implemented 
much like MFV, using the spurion method. The hamilto- 
nian ([9]) is formally invariant under the combined trans- 
formation lepton fields and the matrices A*-' and g]/j under 
Glf are 

Ll^VlLl X^^V^X^Vl, ^^^^ 

eR^VRCR g^^vlg.Vl. 

It is readily seen that the quantity A = g^g^^ has a sim- 
ple transformation law and largely controls all FCNC 
of charged leptons (a few four^ lepton operators involve 
also the parameter 6 = g^'J^). Moreover, up to a 
constant it is determined by quantities that are mea- 
surable at low energies; in the mass eigenstate basis, 
A = [kLN/v^fUmlW (and 5 = {Kln /v^)U*mM'^), 
where U is the PMNS matrix and is the diagonal 
neutrino mass matrix. Hence, all FCNC amplitudes are 
given in terms of[l,[3 (i)the ratio A^jv/A (but not both 
scales independently), (ii)a few operator coefficients of 
order 1, and (iii)low energy measurable (or measured) 
neutrino masses and mixing angles. As a result this setup 
is very predictive. In some cases, like the three radiative 
decays, ^ ej, t ^ ej and t ^ fij, the unknown 
parameters completely drop out of ratios of Branching 
fractions. So this scheme is falsifiable. 
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IV. MFV AND GUT 

Applying the principle of MFV to Grand Unified The- 
ories (GUTs) produces interesting predictions. This has 
been noted in the particular case of supersymmetric 
GUTsQ but similar predictions occur more generally Q, 
as described bellow. 

For definiteness consider GUTs with SU{5) as gauge 
group. The 15 fields of one family of quarks and leptons 
fall into a "0 ~ 5 and a % ~ 10 representations. Since ip 
and X contain both leptons and quarks, the flavor sym- 
metry group of the GUT, 5t/(3)^, is smaller than in the 
SM for three generations. As in the case of MFV, we 
assume that the flavor symmetry is broken only by three 
Yukawa-like couplings, the ones responsible for quark and 
lepton masses: 



1 
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rhxH*+x^MoxH+—rK^xH* (11 



The flrst trans-Planckian correction has been included. 
This is necessary to accommodate the masses of all 
quarks and charged leptons. The effects of this term are 
small, very naturally accommodating the observed spec- 
trum. Neutrinos masses can also be included by adding 
three right handed neutral fields, N. A large Majorana 
mass Mji for these, 
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produces small, see-saw Majorana masses for the left 
handed neutrinos: With these additional fields the flavor 
group, SU{?>Y, is larger. So the MFV hypothesis apphed 
to GUTs is the statement that the SU (3)^ flavor symme- 
try is broken only by the couplings A5, A5, Aio, Ai, Mpi. It 
is convenient to trade the parameters A5, Ag, Aio for the 
low energy combinations that give masses to quarks and 
leptons, since those are of direct phenomenological rele- 
vance, A„ - Aio, ~ (A5 + A5 ), \l - (A5 - fAg ). 

As before, it is simplest to implement MFV in GUTs 
by the spurion method, the transformation rules are: 
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ur 
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vi dR 



All 
Ad 



^1*0 -^u ^10 



dR V{q Cr 



Mr^ V* Mj^ vl 



(13) 



As a result of the reduced flavor symmetry, quarks and 
leptons transform together. So in addition to some of 
the older bilinear building blocks we encountered before, 
like OlA^AjjQ^, one encounters bilinear invariants that 
mix quark and lepton parameters, like Q Li^e^Xy Q l and 
Ll{X^xI^)^ Ll, where it is understood that the substitu- 
tion Ae <-> A J can be made throughout. There are also 
new interesting leptoquark bilinears that are allowed. 

The phenomenology of these models is quite reach. 
The bottom line is the inescapable appearance of lep- 
ton flavor changing interaction of charged leptons, much 
as in the case of MLFV above, but now with a richer 
source of flavor violation. For example the radiative de- 
cays fi — > 67, r ^ 67 and r — > /i7, are mediated by the 
low energy effective lagrangian 



ciAgAjAi + C2A„A]jAe 
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This is more general than the SUSY-GUT result, so it 
is less specific in its predictions. However there are sev- 
eral interesting aspects to this results. First, depending 
on the parameters, this could be dominated by the first 
MLFV-like terms, or by the the SUSY-GUT hke term, 
or neither. Secondly, the result is still hierarchical, as it 
was in the MLFV case. If the second and third terms 
dominate, then the branching amplitudes for /i — > 67, 
T ^ 67 and T — > /i7 scale as A^m^ : X^rrir ■ A^to,-, where 
the mixing parameter is A « 0.22. And thirdly, the rate 
is typically large, with the branching fraction for 11 —> e-y 
of order IQ-^^ for A = 10 TeV. 



Acknowledgments 

Work supported in part by the Department of Energy 
under contract DE-FG03-97ER40546. 



[1] B. Grinstein, D. O'Connell and M. B. Wise, 
larXiv:0 704.1845 [hep-ph]. J. R. Espinosa, B. Grin- 
stein, D. O'Connell and M. B. W ise, arXiv:.0 70.5 .1188. 
[hep-ph]. T. G. Rizzo, [mXi^:0704.34 58 [hep-ph]. 

[2] W. BuchmuUer and D. Wyler, Nucl. Phys. B 268, 621 
(1986). 

[3] C. N. Leung, S. T. Love and S. Rao, Z. Phys. C 31, 433 
(1986). 

[4] W.-M. Yao et al, J. Phys. G 33, 1(2006). 
[5] G. D'Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, 
Nucl. Phys. B 645, 155 (2002) arXiv:hep-ph/0207036 . 



[6] V. Cirigliano, B. Grinstein, G. Isidori and M. B. Wise, 
Nucl. Phys. B 728, 121 (2005) arXiv:hep-ph/0507001 . 

[7] V. Cirigliano and B. Grinstei n, Nucl. Phys. B 752, 18 
(2006) arXiv: hep-ph/06011111 . 

[8] R. Barbieri and L. J. HaU, Phys. Lett. B 338, 212 
(1994) arXiv:hep-ph/9408406 . R. Barbieri, L. J. Hah 
and A. Strumia, Nucl. Phys. B 445, 219 (1995) 
arXiv:hep-ph/9501334 . 

[9] B. Grinstein, V. Cirigliano, G. Isidori and M. B. Wise, 
Nucl. Phys. B 763, 35 (2007) ,arXiv:hep-ph/0608123t . 



